Introduction
Metastable -titanium alloys provide an advantageous balance of mechanical properties over other titanium alloys owing to their high strength-to-density ratio, excellent fatigue and crack-propagation resistance. 1, 2) The superiority oftitanium alloys is most pronounced under the solution-treated and aged (STA) condition with a fully -transformed, precipitation-hardened microstructure. In this case, strength is defined by fine -phase particles precipitated within aphase matrix and the level of strength achieved is determined by the size and uniformity of distribution of these precipitates. At the same time, ductility is governed by the -grain size: the smaller the -grains, the higher the ductility. Thus, the necessity to refine the -grain structure in order to improve the balance between strength and ductility becomes evident.
In using as program materials TIMETAL-LCB, designed by TIMET as low cost beta alloy (because of employment of conventional Fe-Mo master alloy 2) ) for not aerospace applications, first of all-springs, and Ti-15-3 alloys, [3] [4] [5] it was shown that the technological approach based on successive application of Solid Solutioning, Cold Deformation and Rapid Recrystallization (SSCDRR) allows effective control of -grain size in -titanium alloys. In the case of TIMETAL-LCB, this treatment yielded a microstructure with an average grain size of less than 10 mm, and comparatively low-temperature aging (793 K) gave attractive tensile properties (YS ¼ 1600 MPa, UTS ¼ 1640 MPa, EL ¼ 9:4%, RA ¼ 36:5%).
However, -alloys are still rather costly, which prevents their widespread use as structural materials. A new, costeffective -alloy with the nominal composition of Ti-4.3%Fe-7.1%Cr-3.0%Al has recently been proposed as supporting equipment material for elderly care. 6, 7) However, a desirable balance between high strength and sufficient ductility could not be achieved for this material through conventional (furnace heating-based) treatments due to the formation of a rather coarse -grain microstructure. Thus, the present study set out to improve the mechanical properties of this alloy using the above-mentioned SSCDRR-approach, i.e., by attempting to produce a fine-grained fully-transformed structure.
Materials and Experimental Procedures
Ti-4.7Fe-6.8Cr-3.0Al was received as a hot-deformed (at above the -transus) 25 mm bar with a single-phase structure. Its typical microstructure in the longitudinal section ( Fig. 1 ) was characterized by grains elongated in the rolling direction. Figure 2 schematized the processing route employed in the present study: successive application of hot rolling (from 25 mm to 13 mm below the -transus) and SSCDRR: rapid heating, water quenching to receive metastable -condition, cold deformation (from 13 mm to 6 mm), second rapid heating to different peak temperatures (below and above -transus), followed by quenching and final aging. Continuous Rapid Heating (RH) was performed by the electrical resistance method using the industry standard (50 Hz) current. Following heat treatment, the phase composition and microstructure of the alloy were determined at different stages using X-ray diffraction, optical metallography, and transmission electron microscopy. Local chemical compositions were determined via STEM analysis. Aging behavior and its effect on mechanical properties were quantified using hardness testing. Tensile testing was performed using specimens of 3 mm gage diameter and 30 mm gage length. Fatigue tests of console bending on resonance frequency type and symmetrical cycle were conducted (employed specimens schematized in Fig. 3 ).
Because tensile data for this alloy annealed and strengthened under conventional furnace heating conditions were unavailable in the literature, several additional treatments (see Table 1 ) were performed to obtain a reference for comparison with the proposed SSCDRR approach.
Experimental Results

Characterization of initial and reference materials
The as-received 25 mm rod was first rolled into a 13 mm rod at 1003 K according to the above mentioned processing route. This comparatively low temperature was chosen to eliminate dynamic recrystallization and accumulate a high density of deformation defects. The microstructure obtained by thermomechanical processing of this two-phase þ -material is shown in Fig. 4 . Second stage of treatment included RH (heating rate: 20 Ks À1 ) above thetransus temperature (1123 K) without isothermal exposure at peak temperature and water quenching (WQ). This intermediate heat treatment generated a relatively fine-grainedmicrostructure ( Fig. 5 ) with an average -grain size of less than 100 mm, but with some residual longitudinal streaking in the central part of the rod (Fig. 5b) , which can be attributed to localization of deformation mainly in upper layers and subsequent relaxation of deformation defects in core without recrystallization. This -phase specimen was then cold-rolled into a 6 mm wire. According to microstructural (Fig. 6 ) and X-ray data, the cold-deformed alloy retained its single-phase metastable -condition, but also its hardly cold-worked and having a strong axial crystallographic texture (Fig. 7) .
Microstructures obtained by reference treatments are shown in Fig. 8 . Annealing at comparatively low ( þ ) temperature caused formation of a rather fine two-phase 
Rapid heating results
Specimens containing a high density of post-CD (cold deformation) defects were subjected to continuous RH at different rates with simultaneous ''in situ'' recording of changes in electrical resistance (Fig. 9 ). The data clearly shows that for heating rates 1, 5 and even 20 Ks À1 , ! ! precipitation took place during continuous heating at around 523-573 K, and ! precipitation occurred at around 773-823 K. However, at a heating rate of 50 Ks À1 , no precipitation effects were observed in the resistivity curve. Nevertheless, for all studied heating rates, the -transus temperature was around 1073 K, as evidenced by the change in the curves' slopes. Figure 10 shows an example of recrystallization on RH -grain microstructure formed in CD material upon heating to peak temperature at 5 Ks À1 in single-phase field, revealing that such relatively slow heating results in a rather coarse-grained structure (average size of about 100 mm), what is unusual for such treatment of titanium beta-alloys. Balancing of Mechanical Properties of Ti-4.5Fe-7.2Cr-3.0Al Using Thermomechanical Processing and Rapid Heat Treatmentgrains of this size do not allow to reach on aging a significant increase in strength without a dangerous drop in ductility.
The only way to solve this problem, as was shown for other titanium alloys, [3] [4] [5] is to refine the grains, which can be realized through faster heating and lowering of the relevant RH peak temperature.
Figures 11 and 12 represent examples of microstructure evolution in CD material during continuous RH at 20 and 50 Ks À1 , respectively. Clearly, the first recrystallization nuclei appeared preferably on grain boundaries of primary -grains and their total density varied with crystallographic orientation. Nevertheless, fully recrystallized fine-grained microstructures were obtained upon continuous heating to 1088-1093 K at both heating rates. Comparing Figs. 11d and 12c, and especially Fig. 10 , reveals that faster heating resulted in a finer -grain structure: after 50 Ks À1 RH, the average grain size was about 7 mm. It should also be noted that, in both cases of RH, recrystallization occurs within a very narrow (unusual for other titanium -alloys) temperature range, namely 1013-1043 K and 1023-1063 K for 20 and 50 Ks À1 , respectively. On the basis of these results, it was decided to perform RH of mechanical testing specimens at a heating rate of 50 Ks À1 . Three peak temperatures were chosen: 1053, 1073 and 1088 K (without exposure at peak temperature), all of which lie within the temperature range of recrystallization (corresponding to the temperature range between points 1 and 2 in Fig. 1 ). The first temperature (1053 K) corresponded to formation of the Rapidly Polygonized (RP) microstructure, while the second and third corresponded to the Rapidly Recrystallized (RR) microstructure.
Mechanical properties
The temperature range recommended in the literature for aging of studied alloy is 773-803 K. Data on kinetics of hardening of RH-treated (RR at 1088 K) fine-grained material at 773 K (Fig. 13) reveals that a -solutioned alloy exhibits a rather rapid increase in hardness during the aging process, the maximum hardness being observed after an 28.8 ks (8 h) exposure. However since no significant changes in hardness were observed after a 21.6 ks (6 h) isothermal hold, the duration of aging at 773 K was set to 21.6 ks (6 h).
To evaluate the influence of aging temperature on mechanical properties, a number of specimens were aged at higher temperatures (803 and 823 K), but the duration of isothermal exposure was kept constant at 21.6 ks (6 h). First, tensile tests were performed on material subjected to the reference treatments. The results are tabulated in Table 1 .
A reasonable balance between tensile strength and ductility, which would be sufficient for many potential applications, was achieved in samples annealed at the two-phase þ field temperature (p. 1). This result is somewhat unexpected, but may be explained in terms of the formation Balancing of Mechanical Properties of Ti-4.5Fe-7.2Cr-3.0Al Using Thermomechanical Processing and Rapid Heat Treatmentof a unique microstructural condition that combined the high ductility of the predominant -phase, which persisted without recrystallization, with the comparatively ''soft'' hardening as a result of formation of relatively coarse -precipitates (formed on annealing) and remnants of strengthening on CD.
Furnace solid solutioning at the higher temperature of the two-phase þ field followed by Water Quenching and aging (p. 2 in Table 1 ) formed an absolutely brittle structure, evidently due to the presence in structure of separate comparatively coarse -grains (see Fig. 8c ).
The second set of specimens for tensile testing was RHtreated and aged at different temperatures. Taking into account the potential influence of the rate of heating to aging peak temperature 8) (see also Fig. 9 ) to depress intermediate stages of metastable -phase decomposition (!-phase precipitation), two different rates to aging peak temperatures were used. The obtained results of tensile testing are listed in Table 2 .
Comparison of pp. 1-3 (aged at 773 K) in Table 2 reveals that RP (p. 1) is characterized by higher strength and essentially lower ductility than RR (pp. 2 and 3). Elevation of aging temperature to 803 and 823 K led to a gradual decrease in strength and some increase in ductility (compare pp. 3, 4 and 6). For all studied aging temperatures, the balance between tensile strength and ductility was highly favorable if material was fully recrystallized (RH to 1088 K) and heated to aging peak temperature relatively slowly (pp. 3, 4 and 6). This means that the heating rate of 0.16 Ks À1 reported in Ref. 8) promoted the decomposition of the metastable -phase via ! þ ! ! þ route causing in formation of a finer, more uniform final two-phase ( þ ) microstructure. Faster heating to aging peak temperature, which prevents appearance of the intermediate !-phase, 5) resulted in coarser and nonuniformly distributed alphaprecipitation, and as a result, in a significant decrease in properties of the strengthened alloy.
As can be seen from the data in Table 2 (especially  through comparison to Table 1 ), the balance obtained between strength and ductility by the proposed SSCDRR treatment promises to allow wide-range control over mechanical properties of the studied alloy.
Given the tensile properties above (see Table 2 , p. 4), fatigue test results for the RR condition (Fig. 14) were rather surprising: the fatigue curve declined sharply with the number of cycles, and the fatigue limit was only about 400-410 MPa.
Discussion
Results clearly illustrate a distinct feature of Ti-4.7Fe- 6.8Cr-3.0Al: unusually fast precipitation, recrystallization and aging responses. One would naturally link this to specific alloy composition as the -alloying elements used (Fe and Cr) in the present system have the highest diffusion mobility of all commercial Ti-alloying additives. That is why the rapid heating and aging response (i.e., precipitation rate) of colddeformed Ti-4.7Fe-6.8Cr-3.0Al is very similar to and even faster than that of TIMETAL-LCB studied earlier under similar treatment conditions. 5) For example, as mentioned above, recrystallization in the present alloy occurred within an unusually narrow temperature range of 30 and 40 K at a heating rate of 20 and 50 Ks À1 , respectively, while in TIMETAL-LCB, for the same degree of reduction on cold deformation and a heating rate of 20 Ks À1 , this range was about 60-70 K, i.e., twice as wide. This difference is presumably due to the higher diffusion mobility of thestabilizing element used in the present alloy (Fe and Cr) as compared to that of molybdenum used in TIMETAL-LCB. At the same time, other Ti -alloys having as their mainstabilizing alloying elements molybdenum and vanadium even in lower proportion (calculated in molybdenum equivalent: Ti-15-3-3-3, Ti-10-3-2, Beta-Cez, etc.) are characterized by much wider intervals of recrystallization under continuous heating conditions (100 K and higher). Moreover, owing to its specific chemical composition, -grain growth in the Ti-4.7Fe-6.8Cr-3.0Al alloy occurs much faster at temperatures above the -transus than in other Ti -alloys. Similarly, metastable -phase decomposition was accelerated in the present alloy as compared to other -alloys. Complete repression of precipitation during continuous heating required a heating rate of about 50 Ks À1 in the present alloy, while the corresponding rates in TIMETAL-LCB and Ti-15-3 alloys were as low as 5 and 1 Ks À1 , respectively. This means that, of all -Ti alloys, aging response is fastest in the case of Ti-4.7Fe-6.8Cr-3.0Al. This fact should be taken into account when designing aging regimes.
Peculiarities of the aging response resulted in different mechanical properties in the Ti-4.7Fe-6.8Cr-3.0Al alloy depending on the treatment scheme. The combination of a number of deformation and heat treatment effects imparted comparatively attractive tensile properties to the abovementioned CD material annealed at the temperature of the two-phase þ field. SSCDRR-treatment results are more ambiguous and their understanding requires detailed consideration of alloy microstructure.
Typical microstructure of a SSCDRR-treated and aged alloy is presented in Fig. 15 . Having in the RR state an average grain size of not more than 7 mm (Fig. 15c) , the intragranular microstructure was characterized by extremely Table 3 ).
Balancing of Mechanical Properties of Ti-4.5Fe-7.2Cr-3.0Al Using Thermomechanical Processing and Rapid Heat Treatmentfine -precipitates formed through homogeneous nucleation on intermediate !-particles, and lamellae covering thegrain boundaries (Figs. 15d-f ). Heating to 1053 K (RPcondition) resulted in the formation of a partially recrystallized microstructure containing remnants of recovered structure (Fig. 15a) . In this case, the intragranular þ microstructure was formed under conditions hardly affected by residual deformation defects (Fig. 15b) . It should be emphasized that both types of -precipitate dispersions (grain-boundary and homogeneously precipitated) were slightly coarser in the studied alloy than in other alloys (e.g., TIMETAL-LCB) subjected to the same time-temperature aging conditions. This is also attributable to the higher diffusivity of the alloying elements, as discussed above. However, this does not explain the relatively low as for such fine -grain microstructure ductility obtained under STA conditions, especially since fractography of tensile specimens by SEM revealed almost brittle intercrystalline fracturing for all aging conditions (Fig. 16), i.e., intensive crack splitting and secondary cracking along -grain boundaries besides the main crack propagation (Fig. 16 ). It should be noted here that such intercrystalline fracturing was not observed in other Ti -alloys treated via the same approach, which were always characterized by formation of ductile pits, at least at the micro-level. This leads us to conclude that the comparatively low ductility and brittle failure observed in STA-treated Ti-4.7Fe-6.8Cr-3.0Al are associated with specific grain-boundary constituents. Our first hypothesis, that these constituents could be TiFe or TiCr intermetallides, was disproved by detailed X-ray study of the aged microstructure. Thus, additional STEM experiments were performed to explain this highly unusual behavior of the STA-treated material: we analyzed local chemical composition of grainboundary lamellar -phase (p. A) and the þ mixture just near this lamella (p. B), and at some distance away, inside a -grain (see p. C in Fig. 15d) . Results of this analysis are tabulated in Table 3 . Table 3 clearly indicates that points A and C may, respectively, correspond closely to the chemical composition of the grain boundary -phase enriched by -alloying Formation of such a layer along the grain boundary and the presence of the embrittling grain boundary -phase may account for the dramatic decrease in ductility observed in the STA-hardened alloy. Fracture analysis of low fatigue endurance test specimens (Fig. 17) revealed no distinct correlation to structural features. However, the spontaneous nucleation of fatigue cracks is presumably related to weakened microstructural constituents, i.e., the grain-boundary -phase, and adjacent to it, the enriched layer containing -alloying elements.
The specific aging behavior of the present Ti-4.5Fe-7.2Cr-3.0Al alloy could be described basing on the scheme in Fig. 18 . Decomposition of the metastable -phase on isothermal exposure in most commercial Ti -alloys follows a TTT-diagram with 3 separate C-curves (Fig. 18a) . The lowest curve corresponds to formation of the !-phase, the middle curve to the homogeneously precipitating -phase, the uppermost curve to precipitation of grain-boundary . The regions bounded by the second and third curves represent the formation of the predominant -phase, of the former or latter kind. As the alloying elements used in the present Ti-4.5Fe-7.2Cr-3.0Al alloy had the highest diffusive mobility of all Ti -alloys, the upper region of grain-boundary precipitation, obviously, prevailed over homogeneous -phase precipitation. Consequently, the -phase started to precipitate on -grain boundaries at comparatively low temperatures.
Conclusion
The alloy under investigation exhibited a set of attractive tensile properties in the cold deformed state and annealed at a relatively low temperature in the two-phase þ field regime, while displaying much poorer mechanical properties in the STA-treated (under furnace heating) state. However, the proposed SSCDRR approach allows optimization of and wide-range control over the balance between alloy strength and ductility. Additionally, the following conclusions were drawn from this work:
(1) The studied Ti-4.5Fe-7.2Cr-3.0Al alloy had faster precipitation, recrystallization and aging responses than all other commercial Ti -alloys, presumably owing to the fact that it contained Cr and Fe as -stabilizing elements. Alloy composition should certainly be taken into account when selecting hot deformation and heat treatment parameters. ( 2) The present alloy is suitable for a number of structural applications provided the formation of even a partially coarse-grained recrystallized microstructure is avoided during the annealing step. Table 3 Chemical composition of analyzed microvolumes (marked in Fig. 15d ). Fig. 18 Schematic presentation of TTT-diagram for (a) typical titanium beta-alloys, and (b) for alloy studied in present paper. hom -homogeneously precipitated alpha-phase, gb -alpha-phase formed on beta-grain boundaries.
(3) Strengthening heat treatment at temperatures corresponding to the single-phase -field may result in a comparatively coarse-grained microstructure, in which grains will always be coated by an embrittling lamellar -phase, even on low-temperature aging. (4) Better balance of tensile properties in a fullytransformed microstructure can be achieved using the proposed approach, which consists of Solid-Solutioning/heavy Cold Deformation and controlled Rapid Recrystallization. Moreover, the fine-grained -phase obtained using the proposed approach will enable widerange control over strength and ductility through simple adjustments to aging conditions. It will be possible to tailor strength and ductility to specific design requirements by selecting the appropriate RR parameters. (5) The investigation into the correlation between structural transformations and mechanical properties has only just begun for this new, cost-effective Ti-4.3Fe-7.1Cr-3.0Al -alloy. In future studies, it would be wise to pay particular attention to its properties' anisotropy, seek ways to eliminate the deformation-induced texture, and conduct a more detailed study of its aging response.
